Abstract: Modern problems of radiative aerothermodynamics of entering space vehicles are demonstrated and analyzed in the paper. New radiative gas dynamic problems concerned to coupling processes of non-equilibrium dissociation with radiation heat transfer in shock layers generated above large scale re-entry space vehicles returning from orbital and super orbital space mission are considered in the first part.
INTRODUCTION
Modern models of computational aerophysics of space vehicles, entering into atmosphere with orbital and superorbital velocities, are based on gas dynamic models of thermally and chemically non-equilibrium gases. These models use Navier-Stocks (NS) or Reynolds averaged Navier-Stocks (RANS) equations in one-, two-, and three dimensions. Also they take into account radiative and non-equilibrium processes of chemical and physical kinetics, as well as different models of turbulent mixing and radiation transfer. Such models are realized, as a rule, on multi-block in homogeneous grids, or on unstructured grids. kinetics, thermodynamic and transport properties, as well as the spectral optical properties are the important components of these computational models. And what is more, there is a common opinion in aerospace community that just in the direction of development of thermo-physical models of nonequilibrium high temperature flows should be concentrated significant efforts of scientists and engineers.
aerothermodynamics of Earth (the part 1) and Mars entry (the part 2). The third part is dedicated to the Titan entry. Some possibilities of MHD technologies for flow control around entry bodies are discussed in the fourth part.
RADIATIVE AEROTHERMODYNAMICS OF THE EARTH AND MARS ENTRY

Earth Entry
Space vehicles of new generation, currently considering in space agencies, are characterized by the large sizes (with midship diameters about 5 meters). For example, the Orion International Space Station Crew Exploration Vehicle (ISS CEV) project considers possibility to use re-entry space vehicles with nose radius more than 400 cm [1] . This part of the paper contains description of current results of investigation of radiative and convective heating of such space vehicles for orbital trajectory conditions, as well as the urgent problems in the field of physical-chemical kinetics which has to be solved.
Two classes of computational codes are currently used in aerospace community. The first one is the two-dimensional computer codes with different models of chemical and physical kinetics. The computational fluid dynamic codes are based on the following groups of governing equations: (a) the Navier-Stokes and continuity equations, (b) the equations of mass conservation of separate species, (c) the equation of energy conservation, including total and vibrational energy, and (d) radiation heat transfer equation in multi-group spectral approximation. As a rule, calculations are performed with using a multi-block and multi-grid computational technology.
The second one is the three-dimensional computer codes, which realizes the same models of physical and chemical hypersonic gas dynamics, as for the two dimensional case, but allow predict flow field around space vehicles under angles of attack. State of the art of the CFD problems of entry space vehicles is discussed in [2, 3] .
Spectral optical properties of gases of complex chemical composition are provided by the several computer codes. These are: ASTEROID, HARA, LORAN, NEQAIR, PARADE, SPECAIR, SPRADIAN [4] .
Some preliminary quantitative predictions of aerothermodynamics of large scale space vehicles were demonstrated in papers [2, 3] . These are:
-
The relatively large stand-off distance of bow shock wave front spacecraft surface (~ 30-40 cm),
The large zone of non-equilibrium flow in shock layer behind shock wave front at altitudes > 75 km (~ 5 cm), -High degree of inhomogeneity of convective heating of space vehicle surface at angle of attack.
It was shown [5] that the use of well known models of chemical kinetics [6] [7] [8] together with models of nonequilibrium dissociation drastically change distributions of gas dynamic and heat transfer functions in conditions of super-orbital entry. It was demonstrated also, that the entering velocity higher, the role of non-equilibrium processes increase. So, the question is how the radiative heating of space vehicle is sensitive to possible variation of the models due to some uncertainties in their formulation.
General goal of the part is to demonstrate the significant role of non-equilibrium dissociation processes in condition of orbital entry for space vehicles of large sized on their radiative heating. The Park-Jaffe-Partridge [6] model of chemical kinetics was fixed in these calculations. But it should be mentioned that the use of other models of chemical kinetics will probably demonstrate another quantitative correlations.
The role of vibrational relaxation of diatomic molecules in radiative gas dynamics was studied intensively in literature [9] [10] [11] . It was found that the use of multitemperature approach allows describe translational, rotational, vibrational and even electronic relaxation behind leading shock wave with acceptable accuracy for aerospace engineering [11] .
Translational and vibrational temperatures being calculated are used for dissociation prediction. Different models of non-equilibrium dissociation are in common use: the Treanor-Marrone [9] , the Marrone-Treanor [10] , and the Park [11] models. All the models assume possibility to modify dissociation rate constants by multiplying of corresponding one-temperature rate constants on nonequilibrium factor, which is the function of translational and vibrational temperatures Z(T, T V ). This factor, as a rule, less than unit because molecular translational and rotational internal degrees of freedom are excited significantly faster behind shock wave front than vibrational ones.
As it was mentioned above the non-equilibrium radiation heat transfer processes can be significant for large-scale spacecraft of the new generation (with blunt radiuses ~ 5 m) even at orbital entry (V ∞ ~ 7 km/s), at least at high altitudes (H ~ 80 km) where intensities of radiative and convective heating are not so much as at region of maximal heating load (at altitudes H ~ 60-70 km). It was predicted [12, 13] and found [2, 3] that for high altitudes of such space vehicles the radiative gas dynamic interaction becomes also significant. It means that taking into account radiation heat processes in energy conservation equation results in significant rebuilding of the gas dynamic fields. The role of dissociation processes is demonstrated in the paper just for these conditions. First of all we will consider results of two-dimensional calculations for axisymmetric case of zero angle of attack. Two-dimensional radiative aerothermodynamics of Orion International Space Station Crew Exploration Vehicle (further, for short, Orion) was investigated for several trajectory points presented in Table 1 . Note that trajectory points located higher than ~ 75 km correspond, as expected, to non-equilibrium conditions inside shock layer above front shield, and large depth of vibrational relaxation zone behind shock wave front can be observed here. Fig. (1) shows typical distributions of thermal and gas dynamic parameters of flow fields around Orion space vehicle for the first trajectory point. The Treanor-Marrone CVD model [9] was used in the case under consideration. Fig. (2) shows axial distributions of the translational and vibrational temperatures along stagnation line for succession trajectory points. Axial distributions of translational and vibrational temperatures along forward stagnation line at t = 150 s are shown in Fig. (3) . Different models of non-equilibrium dissociation were used in these calculations. The use of the Local Thermodynamic Equilibrium (LTE) model leads in the case under consideration to increasing of bow shock wave stand-off distance. In the frame of the LTE model rates of the forward and reverse chemical reactions were calculated with the use of the translational temperature. Vibrational temperatures shown for this calculation case were calculated only for comparison purposes. Translational and vibrational temperatures obtained with the use of different models of non-equilibrium dissociation are also shown in Fig. (3) . In the last cases these vibrational temperatures were used for modification rates of forward chemical reactions. Taking into account the non-equilibrium dissociation leads to increasing of the translational temperature, because lesser part of initial kinetic energy is spent on dissociation and ionization.
Shock wave stand-off distance is achieved of ~ 25 cm in the case under consideration, while the depth of relaxation zone equal to ~ 5 cm. Vibrational temperatures of molecules N 2 , O 2 and NO increase in this zone from temperature of environment gas up to T V ~ 10,000 K. Maximal vibrational temperature is achieved for molecules NO, and minimal for molecules N 2 . Note that the use models of non-equilibrium dissociation follows to overheating of N 2 vibrational mode above translational temperature at the end of the relaxation zone. Fig. (4) show distributions of the species molar fractions along stagnation line in the shock layer above front shield for different mentioned thermodynamic models. Note that the large molar fractions of molecular N 2 and O 2 and low molar fractions of atomic N and O are observed in the vicinity of the space vehicle surface in full agreement with used assumption of the catalytic surface. Observed differences in species concentration distributions in shock layer have their origin in different rates of dissociation provided by the different models of non-equilibrium dissociation. Let us compare, for example, the species concentration distributions predicted by the LTE model, and the Park model of nonequilibrium dissociation [11] (Fig. 4a, b) . One can see that in the first case the molecular (N 2 , O 2 ) and radicals (NO) species significantly less than in the second case due to higher degree of dissociation rate, while the temperature distributions in shock layer are similar. It means that spectral emissivity by vibronic bands of these diatomic molecules should be significantly lower in the first considered case. Just this effect we can observe at analysis of spectral heat fluxes reaching space vehicle surface at critical point, which are shown in Fig. (5) . Radiation heat transfer was calculated with the use of 99 multi-group spectral models. Spectral absorption and emission coefficients were averaged inside each of the group. We notice that in the spectral region ω = 25,000-55,000 cm -1 there is observable difference in the spectral heat fluxes. If now we will analyze cumulative functions of the radiative heat fluxes (see Figs. 5, 6 ), then we determine that the general difference in the heat fluxes is accumulated in this spectral region. And, as a result, the integral radiation heat fluxes on the space vehicle surface become about three times less than in the cases of taking into account the non-equilibrium dissociation (Fig. 6) . Note that one can observe in Fig. (6) also the significant differences between intensity of radiative heating for different models of non-equilibrium dissociation.
Numerical simulation results obtained for ORION ISS CEW at angle of attack α = 25 0 in the first trajectory point are shown in Fig. (7) . Note that for analysis of aerothermodynamics of space vehicles of large sizes there is a necessity to consider not only flow field above windward surface, but also above leeward surface and wake because radiative heating of the space vehicles has volume nature. Noticeably also that not only temperature distributions should be considered correctly, but also distributions of mass fractions of optically active species. Fig. (8) . Model of LTE was used in this case. Surface coordinate S is counted off from the bottom boundary of the first block (see Fig. 9 ). Presented distributions show that at non-equilibrium stage of the trajectory the radiative heating can be significant. Also, presented calculated data clearly indicate that CVD models, being applied for solving coupled radiative gas dynamic problems for large space vehicles, exert noticeable effect on radiative heating of its surface at orbital entry on high altitudes (h V ≥70 km).
Partial Conclusion: The Challenging Problems of Earth Entry Aerothermodynamics
Observed differences in radiative heating of re-entry space vehicle depending on used CVD models are of great practical interest for aerothermodynamic characterisation of the new generation SV. Unfortunately, the common limitation of investigated CVD models is that there is no way to recommend one or other such the model for trustworthy aerothermodynamic prediction, because each the model contains some heuristic parameters or physical assumptions. The state-by-state radiative collisional approach intensively developing last decades shows promise of increasing plausible predictive properties of coupled radiative gas dynamic models.
Observed large volumes of high temperature shock layers with non-equilibrium gas should motivate additional efforts in investigations of nature and models of relaxation of internal degree of freedoms in emitting gases.
Martian Entry
Aerophysics of Martian entry probes has some characteristic properties in comparison with Earth entry. These are: relatively low velocity of atmospheric entry (~ 6-7 km/s), relatively rare atmosphere, and significant role of radiative processes in ultraviolet (UV) spectral region, connected with intensive electronic band CO (4+), and in infrared (IR) spectral region, connected with vibrational bands of CO 2 and CO.
Theoretical basis of the Martian entry gas dynamic models which are in common use at the present have been developing about 50 years [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Conventionally this period can be divided into three parts. The first investigations were dedicated to experimental measurements of real thermo-physical and optical properties of CO 2 -N 2 mixtures [15] [16] [17] [18] [19] [20] . First theoretical models were also created in 60-th−70-th years of last Century [14, 19, 20, 23] .
From the beginning of 90-th large number of investigations were published in AIAA journals which were connected with scientific program of Mars exploration established by NASA [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
A lot of obtained calculation and experimental data [36] [37] [38] [39] [40] [41] [42] allow form general representation about aerothermodynamics of Martian entry aerothermodynamics. All these data were undoubtedly used at successfully realized Martian missions.
Development of the Martian radiative gas dynamic models was also the subject of some recently publications. Numerical simulation results on radiative aerothermodynamics of Martian entry probes were presented in [43] [44] [45] [46] [47] [48] [49] [50] . These papers contain calculated data obtained with two-and three-dimensional codes. Calculation data for convective heating of front shield and leeward surface of probes [35] [36] [37] were used for verification of numerical simulation results of the given paper.
In this part we will show some predictions of conductive and radiative heat fluxes to surface of space vehicles Pathfinder, Exomars and Mars Science Laboratory (MSL) along their entry trajectories. These calculations are complicated by the non-equilibrium character of radiation heat transfer. Attempts to predict radiative heating along the whole surface of space vehicle pose a number of additional problems of radiation heat transfer in shock layer and wake regions. General ways for verification and validation all of such models and codes are the comparison with available experimental and flight data such as [36, [39] [40] [41] [42] . Unfortunately, the list of the data, is utterly small. Therefore comparative investigations of aerothermodynamic data obtained with the use of different computational models and codes are also of much current interest.
This part presents results obtained with the use of the three-dimensional (3D) multi-physics radiative gas dynamic model of Martian descent space vehicles, which is realized in NERAT-ASTEROID computer platform. Gas dynamic code NERAT-3D included unto the computing platform uses the time-relaxation method on structured multi-blocks curvilinear calculation grids. On the each time step the following groups of governing equations are integrated successively: the Navier − Stokes (or Reynolds averaged N-S equations, with several turbulence models) and continuity equations, the equations of mass conservation of chemical species, the equation of energy conservation together with equations for vibrational energy conservation for separate vibrational modes, the electron energy conservation, and the radiation heat transfer equation (in multi-group approximation). The energy conservation equation is integrated in the form of the Fourier-Kirchhoff equation, which is formulated relative to translational temperature. Some computing models, intended for determination of integrated radiative characteristics are included into the codes. These are: the multi-group (line-by-line) models of spectrum, the ray-tracing method for radiative heating prediction of space vehicle surface, the half-moment method for description radiation heat transfer inside inhomogeneous shock layers in multi-group approximation in view of random models of molecular lines [50] . To create different multi-group spectral models of gases of complex chemical composition a computing code ASTEROID [51] is used. Due to relatively small entry velocities of Martian space vehicles the interaction of gas dynamic and radiation heat transfer processes are considered in the frame of the model of weak radiation gas dynamic coupling. Nevertheless, it will be shown that the radiative heating of Martian space vehicles gives significant contribution to total heating of entry capsule.
Initial Conditions for Numerical Simulation
Preliminary results of systematic computational fluid dynamics (CFD) investigations of radiation aerothermodynamics of Martian entry probes were presented in [43] [44] [45] [46] [47] [48] [49] . Different kinds of entry probes and different freestream conditions were analyzed with the purpose of determination of intensity of convective and radiative heating along entry trajectories. Investigated freestream conditions are presented in Tables 2-4 . The first reference for each the table shows original source for the parameters, while others indicate papers were corresponding calculations were performed.
Detailed description of the base aero-physical model is presented in [43, 49] . Numerical simulation results obtained [43] . It was demonstrated that front aerodynamic shield is heated generally by ultra-violet radiation with flux q R ~ 100 W/cm 2 , while Pathfinder's leeward surface is heated by infrared radiation due to emissivity of vibrational bands CO 2 (q R ~ 2-5 W/cm 2 ). Spectral radiation heat fluxes are presented in that paper in six points along Pathfinder's surface in meridional plane from the forward up to back stagnation points.
Three Exomars' trajectory points were studied also with NERAT-2D code (SC.1, SD.1, SD.2 [43] ). It was shown that due to relatively low entry velocities a windward surface of Exomars is subjected by relatively small radiative heating (q R ~ 50-60 W/cm 2 ). But radiative heating of its leeward surface remain as for Pathfinder (q R ~ 2-5 W/cm 2 ). Also it was demonstrated that radiation heat flux on the front shield increases in 2-3 times from the stagnation point in the direction of its edge.
Results of some three-dimensional calculations are presented also in [43] . Only one Exomars' trajectory points (SC.1) was analyzed there. Convective and radiative heating of Exomars at angle of attack α = 15 0 were calculated for non-catalytic and catalytic surface. It was demonstrated that catalytic properties of space vehicle surfaces are extremely significant for predicted convective heating but not very significant for radiative heating.
Investigation of radiative aerothermodynamics of the two mentioned space vehicles was continued in [55, 56] . Extremely non-equilibrium conditions for Pathfinder entry (t = 40 s) and two quasi-"equilibrium" Exomars' trajectory points were analyzed in [43] . The paper contains also estimations of turbulent heating of front shield of Exomars.
Comparative analysis of three kinds of Martian descent vehicles (Pathfinder, Exomars and some model representation of the Mars Sample Return Orbiter (MSRO)) is presented in [55] . Studied trajectory points are presented in Table 4 Numerous results of methodological investigations concerned to development of computing models of Martian entry probes are presented in [43, 44] . Different topologies of computing meshes are considered there, as well as comparison of two-dimensional and three-dimensional calculations for Exomars at trajectory point SC.1 [43] .
First comparison for three-dimensional radiative and convective heating of Pathfinder (trajectory point t = 66 s) and MSL (trajectory point t = 89 s) are presented in [56] . As ! ! ! FIGURE 6:
before, convective and radiative heat fluxes were calculated along surface, including windward and leeward surfaces. It was shown that the radiative heating of leeward surface of these space vehicles exceed ones convective heating.
Below we will consider typical general results of CFD research which were not demonstrated before, and formulate general conclusion of the numerical modeling. The catalytic surface is characterised by high mass fractions of CO 2 and low mass fractions of CO in the vicinity of the surface (Fig. 10c) . But behind bow shock wave high concentration of molecules CO is observed due to intensive dissociation of molecules CO 2 ; -It is not observed significant influence of catalytic properties of Pathfinder's surface on its integral and spectral radiative heating. At the same time, 
Radiative Gas Dynamics of Pathfinder
FIGURE 8.
convective heating of catalytic surface is about two times higher than for non-catalytic one;
Fig. (9).
Calculation grid near to space vehicle in three-dimensional case. Radiative heating of Pathfinder's surface should be taken into account at the leeward part (Fig. 11a) , because it is exposed by infrared radiation in vibrational bands CO 2 and CO from large volume of heated gas in the wake region. Integral radiation heat fluxes achieve here value about 1 W/cm 2 . Emissivity of vibrational bands of CO 2 and CO is easily observable in Fig. (11b, c) ; 
Radiative Gas Dynamics of Exomars
This part presents three-dimensional numerical simulation results on spectral and integral radiative heating of Exomars' surface in Martian atmosphere for trajectory point SC.1 (see Table 3 ). Comparison of calculated data for other trajectory points are presented for non-axisymmetric and axisymmetric cases in [43, 44] . Current calculations were performed for trajectory point SC.1 at angle of attack α = 15 0 . Figs. (12) show fields of longitudinal velocity, translational and one of vibrational temperature (for antisymmetric vibrational mode of CO 2 ), as well as mass fractions of CO 2 and CO in calculation domain.
The following significant peculiarities are observed in the flow field structure: -General deceleration of incident flow is observed above the lower part of the windward surface. A thickening of the shock layer is also observed here; -Large scale vortex attached to leeward surface is shifted in the direction of flow. Obviously that spatial structure of the flow becomes more complex, because the vortex structure exists above curvilinear (conical) part of the surface; -Fluctuations of velocity field are observed in wake region. Calculation field in this part of flow is unsteady, while above the windward surface the full convergence of numerical solution is observed. Fig. (12d, e) illustrate degree of temperature nonequilibr-ium in the case under consideration. Only one of vibrational modes is characterised here. Other vibrati-onal temperatures also differ significantly from the translational temperature. This fact should be taken into account at prediction of radiative heating of spacecraft surfaces in Martian atmosphere. Fig.  (12b, c) show distributions of mass fractions of CO 2 and CO in the calculation domain. One can see, as before, high level of CO 2 mass fractions and low level of CO mass fraction in the vicinity of the surface. Such behaviour of mass fractions is in full agreement with used assumption concerning catalytic properties of the surface.
Investigation of influence of catalytic properties of streamlining surface on its radiative heating should be performed in future. Here we present some numerical simulation results on convective and radiative heating of Exomars under angle of attack, which were obtained for catalytic surface. Fig. (13a) shows distribution of convective and integral radiation heat fluxes along over all Exomars' surface in the plane z = 0. Coordinate along the surface in equatorial plane is counted out from the point # 1 showed in Fig. (12f) . This point is located on the bottom boundary of the first grid block. Presented data demonstrate significant fact of convective heating domination on the windward part of the surface, and of the radiative heating domination on the leeward part of the surface. Note, that such a ratio of levels of convective and radiative heating is very sensitive to initial conditions.
In the case under consideration general contribution into radiation heat flux provides infrared radiative energy. Fig. (12f) . It is clearly seen from Fig. (13b) that infrared radiation emitted by vibrational bands of CO 2 and CO is really dominant in the spectrum of heat radiation. Some insignificant contribution into integral heat flux one can observe in the visible and near-ultraviolet part of the spectrum for the points location on the windward surface.
Radiative Gas Dynamics of MSL
Detail investigation of convective heating of MSL is presented in [38] . Non-axisymmetric non-equilibrium full Navier-Stokes equation solver LAURA (Langley Aerothermodynamic Upwind Relaxation Algorithm) [52] was used in [38] . For Mars flight conditions, LAURA models an 8-species Mars gas (CO 2 , CO, N 2 , O 2 , NO, C, N, O) in chemical and thermal non-equilibrium using the Park'94 reaction rates [53] . A finite-volume approach was used on a structured grid to solve the full Navier -Stokes flowfield equations. The code uses Roe's averaging for inviscid fluxes with second-order corrections using Yee's symmetric total variation diminishing scheme.
A super-catalytic wall boundary condition fixes the species mass fractions for CO 2 and N 2 at their freestream It was stressed in [38] that all heating results reported there are convective only, and the heat radiation contribution was expected to be small and was therefore excluded from the analysis. Calculation data obtained in [26] were successfully used for verification of 3D flow fields predicted in the given paper. Nevertheless predictions of the given paper show that the radiative heating of MSL's surface should be taken into account. surface is characterised by increased mass fraction of CO and decreased mass fraction of CO 2 in the vicinity of streamlined surface, while high mass fractions of CO 2 and low mass fractions of CO are characterised for catalytic surface (Figs. 14b, c) ; -Convective heating of catalytic surface is about two times higher than for non-catalytic one; -It is not observed significant influence of catalytic properties of MSL's surface on its integral and spectral radiative heating.
The radiative heating of MSL's surface, as is observed, higher than for Pathfinder, and also should be taken into account at the leeward part, where integral radiation heat fluxes achieve values about 2-3 W/cm 2 . This part of the surface is exposed by infrared radiation in vibrational bands CO 2 and CO from large volume of heated gas in the wake region. Emissivity of vibrational bands of CO 2 and CO is easily observable in Fig. (15b, c) .
Partial Conclusion: The Challenging Problems of the Martian Entry Aerothermodynamics
Three-dimensional laminar convective and radiative heating predictions have been performed for three Martian entry probes. These are: Pathfinder, Exomars and Mars Science Laboratory. Presented numerical simulation results for convective heating were successfully compared with available calculation data for Pathfinder [24, 25] and Mars Science Laboratory [37] . Presented calculation data on radiative heating predict significant contribution of the heat radiation into total heating of leeward surface of the space vehicles. Afterbody radiative heating rates are predicted to be generally one order higher than the laminar convective heating. It should be taken into account that in this part we analyzed preliminary numerical simulation results which were obtained with assumption of local thermodynamic equilibrium of dissociated mixture of CO 2 and N 2 in nearby and far regions of wake. But, at the same time, our calculation data demonstrate significant differences between translational and vibrational temperatures just in the wake. It means that to receive more reliable data concerning radiative heating of leeward surfaces of Martian space vehicles fully non-equilibrium radiative gas dynamic problem should be solved in the future.
RADIATIVE AEROTHERMODYNAMICS OF THE JUPITER
Introduction
Many studies have been focused on thermal analysis and aerothermodynamics of Galileo probe (shown in Fig. 16 ) from the mid-seventies to the early eighties for the mission preparation [57] [58] [59] [60] and more recently for the post-flight analyses [61] [62] [63] [64] . Due to very high radiative and convective heat-fluxes characterizing a Jupiter entry, the dominant uncertainty factor associated to the heat-shield recession calculations was the radiation absorption within the ablation layer. As a consequence, for this mission, the evaluation of the blockage (convective and radiative) was a major issue and a thorough effort was carried out for its estimate [65] . Among the different studies, several contributions have provided some estimate of the blockage factors and blowing rates for a Jupiter Fig. (14) . Flow field about MSL at angle of attack 11 α =°(trajectory point t = 80s): a -longitudinal velocity, molar fractions of CO (b) and CO 2 (c) for catalytic surface, d -translational temperature, e -vibrational temperature of CO 2 anti-symmetric mode; f -location of grid nodes in equatorial cross section.
entry [57, 66, 67] . Another issue was the turbulence that has been extensively investigated [57, 59, 66, 67] . Rarefied effects were also investigated for the mission preparation [68] . Galileo probe was equipped with ablation detector sensors (ARAD) for collecting flight data during entry. The in-flight experiments have been well detailed by Milos [70] . Ten ablation sensors were included in the TPS, at 6 different locations, as shown in Fig. (17) . The descent module was also containing an instrument for measuring temperature, density and pressure profiles along the trajectory. Four resistance thermometers were also bonded inside the aluminium structure as shown in Fig. (17) . Data from the heat-shield experiments were transmitted from Galileo orbiter to Earth and then analysed [70, 71] .
The different post-flight analysis carried out to reconstruct the thermal protection system (TPS) recession have highlighted different points:
−
There are large discrepancies between most of the numerical rebuilding and the flight data; − Accuracy of chemical kinetics and thermodynamic data for H and H + species; VUV absorption mechanisms such as photoionization and radiation from spalled particles should be considered; − Since the ionization level is high, the validity of existing models is questionable. Fig. (16) . Scheme of Galileo probe [69] . The last point is a key issue since for such entry conditions, ionization can be strong. Additionally, most of the chemical kinetics models have been built for low or moderate levels of ionization and their reliability for such high-enthalpy flows has not been fully established.
In the frame of this study a computational test matrix for the numerical simulations has been selected, based on the numerical, experimental and flight results obtained for Galileo. Then, a chemical kinetics model has been set up accounting from previous efforts. Finally, numerical computations of Galileo flow-field have been performed and comparisons with other data are presented with a focus on the results obtained with some non-equilibrium at high altitude.
Survey and Computational Matrix
For the mission preparation, numerical predictions have not only been done using engineering correlations [57] but flow-field solutions have been also computed. First numerical simulations have been done for shock-layer solutions at chemical equilibrium [67, 72] , later on NavierStokes solutions have been calculated [58, 60] still at chemical equilibrium.
Most of the available numerical data focused on the evolution during entry of stagnation point heat-flux. Radiative surface heat-flux distributions with and without blowing are available in [57, 59, 60, 67] . These results have been obtained at chemical equilibrium for laminar and turbulent flow conditions. Forebody distributions of radiative heat-flux at different entry times are shown in Fig. (18) . Fig. (18) . Forebody distributions of radiative heating at different trajectory locations [58] . The flight data have been analysed [70, 71] and the entry trajectory, as well as the atmospheric properties have been determined. They are all reported in Table 6 . Using the determined trajectory, post-flight analyses have been carried out to reconstruct the TPS recession using numerical simulations. Some of these results are reported in Fig. (19) . They highlight the point [74] that for Galileo, when comparing the predicted surface recession and the flight data, the measured recession is around half of the calculated value at the stagnation point and twice as large on the frustum. Fig. (19) shows that the predicted recession overestimates the flight data by 30% in the stagnation region, while it substantially underestimates the flight data by 50% in the frustum region. Fig. (19) . Predicted surface recession and flight data.
The discrepancy in the stagnation region might be due to issues related to radiation and high temperature thermodynamic [64] . Concerning the frustum, the standard turbulence models failed to reproduce the anomalously high heating rate in the frustum at the origin of the higher recession. It has been pointed out [73, 74] that the promotion of boundary layer turbulence due to injection of pyrolysis gas, not accounted for in standard turbulence models, was the potential source of discrepancy. Accounting for these phenomena leads to a much better agreement between predictions of recession and flight data as reported in [64] .
Recently, several contributions have been published focusing on Galileo post-flight reconstruction. Matsuyama et al. [61] have performed a set of calculations (8 trajectory points) for computing the gas mixture and the ablation products with an assumption of thermochemical equilibrium. Seven species were considered for the atmosphere model: H 2 , H, He, H 2 + , H + , He + , e -and 18 additional species, C, C 2 , C 3 , C 4 , C 5 , C + , CH, C 2 H, C 3 H, C 4 H, C 5 H, CH 2 , C 2 H 2 , O, O 2 , O + , CO and CO 2 for the ablation products.
The most recent contributions for rebuilding Galileo data have been carried out by Furudate et al. [63] and Park [64] . In the first study, the non-equilibrium influence has been investigated using Euler solutions and a 7 species model, H 2 , He, H, H + , H 2 + , He + , e -, for the trajectory points (the same as in [61] ). The contours of translational and vibrational temperatures predicted by Furudate et al. [63] for an altitude of 170 km are plotted in Fig. (20) , while Fig. (21) shows the contours of mole fractions of atomic hydrogen and electrons. Apparently, the translational temperature reaches 50,000 K in the stagnation region, the non-equilibrium region is one cm width covering half of the shock-layer. If the simulations for 170 km exhibit some non-equilibrium behaviour, at 130 km the equilibrium is nearly reached.
In the literature, the most computed point is the peak heating location. Calculations at this trajectory point have been carried out in [58, 61, 63, 64, 75] . Calculations carried out in [61] and [63, 64] were performed for the same trajectory points.
A test matrix has been selected based on the different numerical predictions. The velocity and atmosphere parameters along the entry trajectory are available in Table 6 . This gives the advantage to have all necessary variables requested for the calculations: velocity, pressure, density and temperature. Since there are contours of variables available for the points at 170 and 130 km, it is useful for future ! ! FIGURE 18:
FIGURE 19: Fig. (20) . Temperature contours at 130 and 170 km predicted in [63] . FIGURE 20:
comparisons to have them in the matrix. This is also the case for the trajectory point at 180 km of altitude [75] that has been included (even if the density retained for the calculations does not fit the flight data of Table 6 ). To these three points, the point at 120 km, considered to be the peak heating in [63] while peak heating is located at 130 km in [74] , has been added. A last point included in this list, is the location of the maximum of convective flux occurring at 100 km of altitude according to [64] . The final matrix for the numerical simulations with velocity and atmosphere parameters is shown in Table 7 .
Kinetic Scheme and Transport Properties
First computations [76] have been carried out to assess the code capabilities [77] for Jovian entry conditions, the computations have been carried out for all trajectory conditions of Table 7 . For this purpose, the thermodynamic and kinetic models already used for ESA internal studies [75, 78] have been selected. Numerical results have been obtained [76] but they have highlighted the need to perform additional effort for the kinetic model. As a consequence, a kinetic model has been set up accounting for previous efforts carried out for simulating Jupiter entry. Several chemical kinetics models can be found in the literature related to entry into giant planet atmospheres [79] . Most of them have been developed and used for the Galileo mission [80] . Other models retained for recent studies carried out for Jovian entry [63, 75] or Neptune entry [81, 82] , have been also considered.
Among, the different models, those proposed by Tiwari & Szema [80] and Furudate et al. [63] are the most detailed. Tiwari & Szema [80] have proposed a model with 6 species H 2 , He, H, H + , He + , e -, and 11 reactions. Furudate et al. [63] have published a recent contribution for rebuilding Galileo entry. In this study, the non-equilibrium influence has been investigated using Euler solutions and a 7 species model, H 2 , He, H, H + , H 2 + , He + , e -, accounting for the non-equilibrium ionization of H and the photo-ionization of H 2 . In both models the reaction schemes are based on the measurements of Leibowitz [83] . The different reactions describe the dissociation of molecular hydrogen, excitation of electronic states of hydrogen and helium, and ionization of atomic species by collisions with atoms and electrons.
Using these two models, a chemical kinetics model has been set up by selecting some of the reactions and related chemical rates. The photo-ionization has not been retained since this phenomenon cannot be yet accounted for radiation calculations using PARADE [84] . The discrimination of the rates has been carried out for ensuring the model consistency (from a numerical point of view) and an easy incorporation in TINA [77] . Using this approach a 6 species model H 2 
H 2 + + e -= H + H (R10) Fig. (21) . Mole fraction contours of atomic hydrogen and electrons [63] .
FIGURE 20:
The forward reaction rates are described using the following Arrhenius law,
The values for the different constants are reported in Table 8 . The rates for reaction R1 to R4 are from [80] while those for reaction R5 to R10 are taken from [63] . Concerning the controlling temperature, for the calculations a twotemperature model is used with the assumption that the electronic temperature is equal to the vibrational temperature.
The thermodynamic and transport properties for the chemical species have been taken from CEA [85] (Chemical Equilibrium with Application), as an in-depth study of the model at high temperature, typical of a Jovian entry, has not been yet undertaken but such a task is planed in future efforts. 
A Jupiter Entry: Numerical Simulation Results
Calculations have been carried out using TINA [77] , a Navier-Stokes solver, accounting for chemical and vibrational non-equilibrium. It is adapted to the simulation of hypersonic flows encountered in high enthalpy nozzles or during entries, where enthalpies and local Mach numbers are high enough to allow non-equilibrium effects. The solver uses a time marching algorithm with the approximate RoeRiemann solver and the flux limiters proposed by Yee [86] for inviscid flows. The thermo-chemistry is implicitly coupled to the flow-field for computing the non-equilibrium effects.
The computations have been performed for the trajectory points reported in Table 7 . However, most of the figures are related to the results obtained for the trajectory point with the highest altitude since it is the point with the highest nonequilibrium effects due to the high velocity and low pressure. Several meshes have been used for the calculations to assess the grid dependence of the results.
The final mesh is 80×80 cells, it is shown in Fig. (22) . The first cell along the axis is 10 µm, special care has also been given to densify the cells at the shock location. The domain extends over 4 cm along the stagnation line and 15 cm at the leading edge. For the calculations, an isothermal wall at 3,000 K, the temperature of carbon sublimation, has been retained. Calculations with a wall temperature of 4,000 K did not show some influence on the flow-field. A noncatalytic wall has been retained for the simulations, at the exception of the ionic species, which recombine at the wall.
The free-stream was the nominal Jupiter atmosphere with 76% of H 2 and 24% of He in volume fractions. Calculations have been carried out with a CFL of 0.5, one order of magnitude larger than in previous computations [76] . Numerical simulations have been carried out for laminar flows using the 6 and 7 species models presented in the previous section. The convergence was reached after 200,000 iterations and the residual was around 10 -4 .
The predicted Mach number and pressure distributions are shown in Fig. (23) , the translational and vibrational temperatures in Fig. (24) . The simulations with the 6 and 7 species models did not show some influence on the flowfield topology and flow variables such as the Mach number, the pressure, and the temperature. The shock standoff predicted numerically is 1.5 cm at the stagnation point for the altitude of 180 km. This value is very close to the predictions obtained by Savajano [75] for the same altitude but with atmosphere conditions slightly different. For the stagnation pressure, its maximum is close to 1 bar at the stagnation point, lower than the value of 1.2 bar obtained in [75] . However, in this last study the free-stream density was 20% higher, with a value of 6.610 -5 kg/m 3 instead of 4.81 10
FIGURE 22:
-5 kg/m 3 in the current simulations.
The temperature distributions along the stagnation line predicted with 6 species at 180 km of altitude are plotted in Fig. (25) . The figure puts in evidence a small region of nonequilibrium just behind the shock, according to the calculations this zone extends over 3 mm approximately.
The maximum of the vibrational temperature is 20,000 K in the stagnation region while the translational temperature reaches a value of 25,000 K. This is in good agreement with the value predicted for the translational temperature at the same location (also 25,000 K) in [75] .
When comparing with the results obtained by Furudate et al. [63] shown in Fig. (20) , the agreement is apparently FIGURE 23:
good for the vibrational temperature but not for the translational one. The results obtained for the same altitude exhibits the same differences. As a consequence the reason of this discrepancy does not come from the trajectory location but more certainly from the different chemical kinetics and transport properties used in the two studies. The species mole fraction distributions along the stagnation line and at the leading edge predicted with the 7 species model are plotted in Fig. (26) . The mole fraction flow-field of molecular and atomic hydrogen, as well as electrons and protons are plotted in Figs. (27, 28) . These distributions show that most of the hydrogen is dissociated in the shock-layer. In the same figure, the distribution of atomic hydrogen shows the presence of a high fraction of atomic hydrogen in the shock-layer that decreases in a thin band at the vicinity of the wall. This flow-field topology agrees qualitatively with the results shown in Fig. (21) where a similar thin band with a lower level of mole fraction of atomic hydrogen. This thin band corresponds of the maximum of hydrogen ionization that can be observed in Fig. (28) . In this thin band, the level of protons is high since it reaches a local maximum of 0.25 in the stagnation region.
The mole fraction of electrons is plotted in Fig. (28) . The distribution of electrons is similar to the distribution of protons since the level of ionization of helium is very low. The maximum of ionized helium is of the order of 10 -5 (in mole fraction) in the stagnation region as shown in Fig. (29) . The electron mole fraction reaches a maximum of 0.25 in the stagnation region that can be observed in Fig. (28) . These predictions seem to be close to those obtained by Furudate et al. [63] shown in Fig. (21) .
The distribution of the mole fraction of He is displayed in Fig. (29) . The higher values in the shock-layer are due to the massive ionization there that increases the number of species. The mole fraction distribution of H 2 + predicted using the 7 species model is plotted in Fig. (30) . However, this specie is not very abundant as demonstrated in Fig. (26) . The maximum of H 2 + distributions is located in a band of the shock-layer located over the frustum of the capsule. Apparently, the molecular hydrogen is there ionized and this is the ion H 2 + , which is dissociated in the vicinity of the wall by the collisions with electrons. So far, no element of comparison has been found in the literature and it is difficult to conclude on this point.
The last point concerns the convective heat-flux. Its value is equal to 105 MW/m 2 at the stagnation point, this for both 6 and 7 species models. In a previous communication [87] this ! ! FIGURE 24:
FIGURE 25: Fig. (26) . Mole fraction distributions of species along the stagnation line (top) and at the leading edge (bottom) predicted with the 7 species model at 180 km of altitude.
FIGURE 26:
value was compared to those predicted in [63] for 170 and 190 km of altitude, unfortunately this was a mistake since these values concerned a radiative flux. However, comparisons with pre-flight predictions [57] [58] [59] and with the results of Savajano [75] are possible. This value is in between the predictions of 79 and 114 MW/m 2 done by Moss [59] for altitudes of 195 and 170 km respectively; it is higher than other predictions [57, 58] . Comparisons with the results of Savajano [75] are interesting since this author obtains a convective stagnation point heat-flux in between 74 and 158 MW/m 2 as function of the models retained for the thermodynamic and transport properties. This confirms that a certain effort is needed for investigating the chemistry of Jupiter atmosphere at high temperature.
Partial Conclusion: The Challenging Problems of the Jupiter Entry Aerothermodynamics
The available data related to Jupiter entry have been gathered and analysed. Using the flight data and the CFD activities performed for the mission preparation and post- Then, the computational matrix has been computed, and the effort of analysis concentrated on the trajectory point with the highest non-equilibrium. The numerical results obtained for 180 km of altitudes how generally a good agreement with other studies. Comparisons have also highlighted some discrepancies for the temperatures and heat-flux that underlines that some additional efforts are necessary for transport properties and thermodynamic. Future efforts will be concentrated for the prediction of radiative heat-flux and computations with a chemical kinetic model based on a state-to-state approach.
MHD EFFECTS ON CHEMICAL REACTING FLOW PAST A BLUNT-BODY
Introduction
Many aerospace applications are characterized by low magnetic Reynolds number R m (∼ 1) and the aircraft re-entry problem is one of them. In fact, in the flight regime of interest, static temperature is too low (5,000 K) for thermal ionization of air and it does not allow the electrical conductivity σ in hypersonic magneto-hydrodynamics (MHD) devices to be very high [σ <10
3 (Ωm) -1 ]. Up to now, only few works using upwind methods with a self-consistent, finite and non-homogeneous electrical conductivity have been afforded [88] [89] [90] [91] [92] . For this reason, in this work we have developed a two-dimensional MHD model describing a chemically reacting nitrogen hypersonic flow past a bluntbody. The electrical conductivity is obtained selfconsistently by transport calculations solving Boltzmann equation with the third-order approximation of the Chapman-Enskog method [93] . A four-species (N, N 2 , N 2 + , e) reduced to three by plasma neutrality hypothesis, threereactions scheme for nitrogen chemistry has been used [94] : two gas-induced dissociation channels (N 2 +N 2 ↔N+N+N 2 and N 2 +N↔N+N+N) and the ionizing recombination (N+N↔ N 2 + +e). The system is considered ideal as regards the gas phase (Euler representation) but not ideal as regards the plasma-magnetic field interaction.
Numerical Analysis
Free stream conditions used are density ρ∞ = 1.48 gm -3 , pressure p∞ = 132Pa and temperature T∞ = 300K, corresponding to air properties of atmosphere at an altitude of 40 km [88] . A blunt-body diameter D = 1.6 m has been taken into consideration and in all the cases the imposed initial magnetic field is uniform and perpendicular to the flow direction. Free stream conditions used are density ρ∞ = 1.48 gm -3 , pressure p∞ = 132 Pa and temperature T∞ = 300 K, corresponding to air properties of atmosphere at an altitude of 40 km [88] . A bluntbody diameter D = 1.6 m has been taken into consideration and in all the cases the imposed initial magnetic field is uniform and perpendicular to the flow direction.
MHD Effect on a Chemical Frozen Gas
First effects of magnetic field on the plasma flow with a fixed uniform electrical conductivity over the entire simulation domain have been studied. Fig. (31) show the two-dimensional pressure contour distributions in acoustic (B = 0 in Fig. 31a ) and plasma (B = 5.2x10 -3 T in Fig. 31b ) fields at Mach number M∞ = 3.05 using an electrical conductivity σ = 4.9x10 5 (Ωm) -1 . Results reveal that the magnetic field effectively pushes the bow shock wave further away from the blunt-body as already observed by different authors [91, 92, 95] . For this case, the shock envelope in the plasma field exhibits an outward displacement compared to the gas dynamic shock by a factor 2 in stand-off distance Δ (see Fig. 32b ).
Numerical results for the acoustic field (B = 0) show that pressure jump across the shock wave according to the RankineHugoniot condition. Subsequently, pressure rises monotonically 
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as the flow further compresses to the stagnation point of the blunt-body nose. In contrast, the post-shock pressure distribution along the line of symmetry in the MHD case follows a non-monotonic variation. As the strength of the magnetic field increases, a new secondary wave appears in addition to the main shock wave. The compression across the bow shock is subsequently followed by an expansion across the secondary MHD wave. This wave develops at the body surface and it is the result of the magnetic force F m opposing to the flow velocity u and then tending to decelerate the flow. This can also explain the increased shock stand-off distance observed for the case of imposed magnetic field (see Fig. 32b ). In fact, the shock wave location results from a balance between the aerodynamic pressure P ahead of the shock and the total, aerodynamic plus magnetic pressure, behind the shock. The magnetic pressure increases as B is increased, thus moving the shock wave away from the body. The gradients of the gas dynamic parameters decrease and the gas dynamic force exerted on the body also decreases, as shown by the surface pressure behaviour in Fig. (32a) . This trend is completely reversed increasing the Mach number M∞ = 5.4 with σ = 1x10 3 (Ωm) -1 . In this case, the surface pressure (Fig. 32a) is an increasing function of the applied magnetic field, while the shock stand-off distance (Fig. 32b) is almost unchanged, as already observed by Hoffmann-Damevin-Dietiker [91] . The reason for the reduction of magnetic effectiveness on the plasma flow is ascribed to the fact that the retarding magnetic force F m is not more able to overcome the accelerating effect, which is larger due to the high Mach number value.
MHD Effect on a Chemical Reacting Gas
With self-consistent calculation of the electrical conductivity, as already observed in the boundary layer theory of Bush [96] , the effectiveness of magnetic control is strongly reduced. MHD effects on plasma flow are almost absent for Mach number M∞<16. The reason is ascribed to a very low ionization degree; electrical conductivity is too small to couple magnetic field with plasma flow. Only for high-hypersonic M∞>16 conditions (corresponding to a specific enthalpy H of 16.4 MJ/kg), the ionization rate starts to became relevant and the conductivity acquires values enabling a coupling between plasma flow and magnetic field [97] [98] [99] . In Fig. (33a) , profiles along the x-axis of σ for two different Mach numbers, M∞ = 12 and M∞ = 18, are reported. Due to the fact that magnetic field effects are important only at high Mach numbers, the effect is an increasing of the surface pressure with applied magnetic field as already seen for the chemically frozen gas case at M∞ = 5.4. In Fig. (33b) pressure profiles along the x-axis are reported comparing the acoustic case with magnetic cases at M∞ = 18.
These results emphasize the usefulness of uncoupling the electrical conductivity (that is the ionization degree) from the flow dependent variables (such as the temperature). It is possible to achieve such as result with a system in which ionization is assisted by using electron beams or Caesium seeding [89, 100] .
Partial Conclusion: The Challenging Problems of Reactive MHD
Computational studies of supersonic and hypersonic flows over a blunt-body were carried out by mean of a numerical tool for magneto-hydrodynamic simulation coupled with a chemical reacting gas though the selfconsistent calculation of electrical conductivity. The flow was studied in the low magnetic Reynolds regimes with an imposed uniform magnetic field perpendicular to the flow direction. Results indicate that the effect of magnetic field using a variable conductivity are visible only at high Mach number, where the accelerating effect of the pressure gradient is too strong to be balanced by the retarding magnetic force. This conclusion suggests the necessity of 
